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FOREWORD

This report contains the findings and recommendations of a study required by
section 124 of the Energy Policy Act of 1992, which provides as follows:

(¢) Study of Utility Distribution Transformers. — The Secretary shall evaluate
the practicability, cost-effectiveness, and potential energy savings of replacing, or
upgrading components of, existing utility distribution transformers during routine
maintenance and, not later than 18 months after the date of the enactment of this
Act, report the findings of such evaluation to the Congress with
recommendations on how such energy savings, if any, could be achieved.

The analysis contained in this report is significantly different in both methodology and
purpose from the analysis that is under way to fulfill the provision in section 124(a) of the
Energy Policy Act of 1992, which requires the Department of Energy to make a
determination as to whether energy conservation standards for distribution transformers would
be technologically feasible and economically justified and would result in significant energy
savings. It should be noted that the analysis in this report addresses replacement versus
refurbishment decisions concerning existing transformers that are on the utility side of the
meter, as required by section 124(c) of the Energy Policy Act. The standards determination
analysis concerns the manufacture and purchase of new distribution transformers on both the
utility side of the meter and the customer side of the meter. Therefore, inferences from the
findings of this report should not be made with respect to findings that will result from the
standards determination analysis. While the analysis in this report contains very useful
information from a national perspective, individual electric utilities should perform similar
economic analyses using factors that are relevant to their operation.
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ABSTRACT

It is estimated that electric utilities use about 40 million distribution transformers in
supplying electricity to customers in the United States. Although utility distribution
transformers collectively have a high average efficiency, they account for approximately
61 billion kWh of the 229 billion kWh of energy lost annually in the delivery of electricity.
Distribution transformers are being replaced over time by new, more efficient, lower-loss
units during routine utility maintenance of power distribution systems. Maintenance is
typically not performed on units in service. However, units removed from service with
appreciable remaining life are often refurbished and returned to stock. Distribution
transformers may be removed from service for many reasons, including failure, over- or
underloading, or line upgrades such as voltage changes or rerouting. When distribution
transformers are removed from service, a decision must be made whether to dispose of the
transformer and purchase a lower-loss replacement or to refurbish the transformer and return
it to stock for future use. This report contains findings and recommendations on replacing
utility distribution transformers during routine maintenance, which is required by
section 124(c) of the Energy Policy Act of 1992. The objectives of the study are to evaluate
the practicability, cost-effectiveness, and potential energy savings of replacing or upgrading
existing transformers during routine utility maintenance and to develop recommendations on
ways to achieve the potential energy savings.

The analysis uses data provided by over 60 investor-owned utilities, which reveal that
these utilities operate about one-third of the in-service capacity of utility distribution
transformers. For a national perspective, the analysis uses these data and national average
values to compute the average remaining transformer life that would economically justify
transformer replacement. From this analysis it was determined that approximately 87 percent
of transformer refurbishment is economically justified. While the analysis in this report
contains very useful information from a national perspective, individual electric utilities
should perform similar economic analyses using factors that are relevant to their operations.
To ensure that all utilities are aware of the economics of these assessments, it is recommended
that DOE provide this report to the Edison Electric Institute, the American Public Power
Association, and the National Rural Electric Cooperative Association and work with those
associations in informing their member utilities of the economics of refurbishment versus
replacement of distribution transformers when they are removed from service. It is also
recommended that this report be provided to the Environmental Protection Agency to assist in
its implementation of the Energy Star Transformer Program, which is part of the President’s
Climate Change Action Plan. Under this program, participating utilities will agree to purchase
high-efficiency distribution transformers where economically warranted and will institute the
early replacement of distribution transformers where economically warranted.
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EXECUTIVE SUMMARY

Electrical energy is delivered to consumers by utility power transmission and
distribution systems. The transmission network delivers power at high voltages (110 to
765 kV) from power plants to local distribution systems, where the electrical energy is
transformed to lower primary distribution voltages (ranging from 4 to 35 kV). The high
transmission voltages are used to transmit high levels of power over long distances. The high
transmission voltages require lower currents, which reduce line losses, conductor material,
and costs. Once the electrical power has reached the distribution system, it is transformed to
lower primary distribution voltages that are more economical for the short distances within
distribution systems. The primary distribution voltage is transformed by distribution
transformers to lower secondary voltages (120 to 480 Vac) that are suitable for customer
equipment. Distribution transformers are thus the final link in the chain of power transmission
and distribution from the generating source to the customer. '

It is estimated that there are 50 million distribution transformers in use in the United
States. Of these, approximately 40 million are owned by electric utilities, and 10 million are
owned and used by commercial and industrial customers.

Distribution transformer efficiencies steadily improved from the 1950s to the 1970s
with the introduction of improved materials and manufacturing methods. Following the energy
price shocks of the 1970s, some utilities began to use purchasing formulae that factored the
effect of transformer efficiency into the purchasing decision. Manufacturers responded by
tailoring their products to the energy evaluation factors specified by customers, a practice that
continues to this day. Thus, it is now possible to purchase a variety of designs with trade-offs
between energy losses and initial cost.

Distribution transformers are very reliable devices, with no moving parts and average
lives over 30 years. A small percentage of transformers are removed from service every year
because of failure, overloading, or line upgrades. Due to their long, trouble-free lives, some
of the still-serviceable transformers that are removed from the system are being returned to
service at a later date. Such “recycled” transformers often have higher losses than new, more
efficient units.

About 92.5 percent of the energy generated at power plants is distributed to the
ultimate consumer; the other 7.5 percent of the energy—approximately 229 billion kWh
annually—is dissipated as losses in transmission and distribution (T&D) systems.!? As can be
seen in Fig. 1(a), utilities have made investments over time to decrease losses in their T&D
systems and to improve system efficiency. The maximum efficiencies of distribution
transformers have also improved over the same period. Figure 1(b) shows the average
maximum efficiency for a 25-kVA distribution transformer. Approximately 26.6 percent of
the average T&D losses are associated with distribution transformers. Thus, distribution
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transformers account for approximately 61 billion kWh of the annual energy lost in the
delivery of electricity. This is about 41 percent of total distribution system losses.>*>

Older transformers are being replaced over time by new, lower-loss units during
routine utility maintenance of power distribution systems. As a result, the percentage of T&D
losses associated with distribution transformers is decreasing each year. If there are cases
where the replacement of older transformers with new low-loss units can be accelerated cost-
effectively, then additional energy savings could be achieved. Energy savings from the use of
more energy-efficient transformers would reduce generation requirements and would also
contribute to the objectives of the President’s Climate Change Action Plan by reducing
greenhouse gas emissions. .

The purpose of this report is to provide the results of an evaluation of the practicability,
cost-effectiveness, and potential energy savings of replacing, or upgrading components of,
existing utility distribution transformers during routine maintenance. The report contains
recommendations on how such energy savings could be achieved. This is a requirement of
section 124 of the Energy Policy Act of 1992.

Total System Replacement

A significant amount of energy, on the order of 44 billion kWh annually, could be
saved if all distribution transformers were immediately replaced by new low-loss units (see
Appendix B, Table B.8). However, immediate replacement of all distribution transformers is
not practical. Using national average values, this approach to saving energy would not be
cost-effective, since the benefit-to-cost ratio is only 0.6, significantly less than 1.0. Total
system replacement is also impractical because it could not be accomplished during routine
utility maintenance and because transformer manufacturers do not have the capacity to
produce the large number of transformers required to meet such a high demand, which would
be ten to twenty times normal.

Routine Utility Maintenance

Information was collected from utilities to determine general maintenance practices for
distribution transformers. Most utilities have a distribution transformer maintenance program
that involves inspection and testing, minor and/or major refurbishment, and retirements.
Distribution transformers are removed from service for a variety of reasons: because
transformers have become overloaded, because they have failed as a result of lightning or
traffic accident damage, because of lane relocation due to street or highway construction,
because of voltage upgrade, and so on. The removed units are delivered to the transformer
maintenance department, where they are examined to determine if they are to be refurbished -
and returned to stock or retired to scrap. Refurbishments include both minor in-house
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activities and major maintenance such as rewinding the transformer. The number of
distribution transformers rewound is very small according to a survey of utilities.

Based on survey information, most of the refurbishments occur on transformers less
than 20 years old with a significant amount of remaining life, and for this reason, these
transformers are not good candidates for cost-effective replacement. Many utilities have an
age criterion beyond which they would not consider a transformer for refurbishment. Of those
utilities with an age criterion for retirement (about 49 percent of the utilities surveyed), the
retirement age ranges from 14 to 35 years, with the average being about 25 years.

Cost-Effectiveness of Early Transformer Replacement

The economics of early transformer replacement weighs the life-cycle costs of replacing
an existing transformer with a new transformer versus the life-cycle costs of refurbishing and
continuing to use the existing transformer with replacement occurring later. The costs of the
refurbishment option include the expense of refurbishment and the capital costs of later
replacement as well as the costs of energy losses for both the refurbished transformer and its
eventual replacement. The costs of early replacement include the capital costs and the cost of
energy losses. The comparative evaluation is driven by several factors. Two extremely
important factors are the assumption of the remaining life of the refurbished transformer and
the cost of refurbishment and reinstallation. The energy costs of the two alternatives vary with
the differences in the refurbished and new transformer no-load and load losses and with the
rates at which these losses are valued. The rates of loss valuation are determined through
valuing the cost of capacity and production costs that are avoided as a result of reducing a
transformer’s no-load and load losses. This study portrays a “national perspective” on these
rates based on average values for incremental capacity costs and production costs.

The life-cycle cost comparison is made for 11 types of transformers encompassing a
range of size and design variables. Assumptions about transformer energy losses for
refurbished transformers were based on losses typical of the transformer’s vintage.
Assumptions about the costs for new transformers and their rates of energy losses were based
on a survey of 67 utilities. This survey also provided average values for refurbishment and
reinstallation costs. The life-cycle cost calculation was iterated to find the remaining life for
the refurbished transformer that equated the life-cycle costs of the alternatives. This break-
even point for the remaining age was used to find the corresponding break-even age of the
refurbished transformer. This determined the cost-effective replacement criteria. In other
words, all transformers older than this break-even age could be cost-effectively replaced, and
all transformers younger than this age could be cost-effectively refurbished and continue in
use. The average break-even transformer age is about 24 years (approximately 11 years of
remaining life), based on the loss evaluation derived from the national perspective referred to
above.
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On the basis of the transformer age criterion, the results from the survey of utilities
were used to estimate the percentage of refurbished transformers for which early replacement
would be cost-effective. This estimate indicated that from the national perspective about
13 percent of refurbished transformer capacity could be cost-effectively replaced. Therefore,
the vast majority (87 percent) of utility refurbishment decisions that would be considered are
justified from a national perspective. The differences between the utility practices reported and
the assessments contained in this report are not significant. Most transformers that now
receive routine maintenance and are returned to service are recent-vintage transformers. This
makes them economically unattractive candidates for early replacement because they have
approximately the same rate of energy losses as the new transformers that would replace
them.

Potential Cost-Effective Energy Savings

Using the national perspective estimate discussed previously, the potential energy
savings for cost-effective early replacement over and above the replacements currently
underway at utilities, are relatively small. The estimated savings in the first year would be
0.05 billion kWh. If cost-effective early replacements began in 1995, the total cumulative
energy savings would be 0.55 billion kWh by the year 2000. The average annual rate of
savings over 25 years would be about 50 percent of the annual generation of a 50-MW power
plant operating at 65 percent capacity, or enough electricity to supply the residential needs for
a population of about 40,000. These potential energy savings are quite small. One reason is
that only a small fraction of in-service transformers are being refurbished and only a small
fraction of these refurbishments would be cost-effective for early replacement. In other words,
most cost-effective refurbishments and replacements are already being undertaken by utilities.

Reduction in Greenhouse Gas Emissions

If all utilities adopted cost-effective accelerated retirement policies based on the national
perspective, the cumulative additional reduction of carbon emissions by the year 2000 would
be 0.094 million metric tons (MMT). The average annual reduction rate over 25 years would
be 0.025 MMT.

' Practicability Issues

The cost-effective replacement or upgrading of distribution transformers can be
accomplished within the framework of existing utility practices. Many utilities are currently
replacing or upgrading transformers in cost-effective strategies tailored to those utilities. This
strategy often involves an age criterion for transformer retirements or a loss criterion whereby
losses are determined from records or loss measurements. A loss criterion is preferred
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because losses can be evaluated with all relevant economic data in order to determine the
transformer’s disposition. However, many utilities are not equipped to measure transformer
losses. Utilities could easily accelerate the replacement of older distribution transformers by
adopting a retirement age that reflects cost-effective replacements. If all utilities adopted a
cost-effective retirement criterion that matched the analysis contained in this report, the
additional demand for distribution transformers would be about 4 percent of the new units
now being purchased. Transformer manufacturers could easily meet this small additional
demand.

Conclusions

Judging from the survey data obtained from utilities and the analyses contained in this
report, electric utilities are making reasonable decisions regarding the replacement or
refurbishment of distribution transformers that are removed from service. The comparison of
the replacement practices by utilities in the survey and other national analyses contained in
this report indicates that on average about 9 out of 10 utility refurbishment decisions are
economically. justified from a national perspective. This assumes replacement is with average-
loss new transformers.

Recommendations

The information and the analyses contained in this report reveal that many of the
utilities surveyed are making reasonable assessments regarding replacement or refurbishment
of distribution transformers. This does not mean that all utilities are making optimum
economic assessments based on factors that are relevant to their operations. In addition, as
discussed in Appendix E, there is considerable variation among utilities in key factors for
these decisions. Therefore, individual utilities should perform similar economic analyses using
factors that are relevant to their operations. To ensure that all utilities are aware of the
economics of these assessments, it is recommended that DOE provide this report to the
Edison Electric Institute, the American Public Power Association, and the National Rural
Electric Cooperative Association and work with those associations in informing their member
utilities of the economics of refurbishment versus replacement of distribution transformers
when they are removed from service. It is also recommended that this report be provided to
the Environmental Protection Agency to assist in the implementation of the Energy Star
Transformer Program, which is part of the President’s Climate Change Action Plan. Under
this program, participating utilities will agree to institute the early replacement of distribution
transformers where economically warranted.
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1. INTRODUCTION

1.1 BACKGROUND

Electrical energy is delivered to consumers by utility power transmission and
distribution systems. The transmission network delivers power at high voltages (110 to
765 kV) from power plants to local distribution systems, where the electrical energy is
transformed to lower primary distribution voltages (ranging from 4 to 35 kV). The high
transmission voltages are used to transmit high levels of power over long distances. The high
transmission voltages require lower currents, which reduce line losses, conductor material,
and costs. Once the electrical power has reached the distribution system, it is transformed to
lower primary distribution voltages that are more economical for the short distances within
distribution systems. The primary distribution voltage is transformed by distribution
transformers to lower secondary voltages (120 to 480 Vac) that are suitable for customer
equipment. Distribution transformers are thus the final link in the chain of power transmission
and distribution from the generating source to the customer. It is estimated that there are
approximately 40 million distribution transformers owned by electric utilities in use in the
United States.

Distribution transformer efficiencies steadily improved from the 1950s to the 1970s
with the introduction of improved materials and manufacturing methods. Following the energy
price shocks of the 1970s, some utilities began to use purchasing formulae that factored the
effect of transformer efficiency into the purchasing decision. Manufacturers responded by
tailoring their products to the energy evaluation factors specified by customers, a practice that
continues to this day. Thus, it is now possible to purchase a high-cost, high-efficiency
transformer or a unit with a lower first cost and lesser efficiency.

Distribution transformers are very reliable devices, with no moving parts and average
lives over 30 years. A small percentage of transformers are removed from service every year
because of failure, overloading, or line upgrades. Due to their long, trouble-free lives, still-
serviceable transformers that are removed from the system can be returned to service at a
later date without regard to their loss performance. Such “recycled” transformers often have
higher losses than new, more efficient units.

About 92.5 percent of the energy generated at power plants is distributed to the
ultimate consumer; the other 7.5 percent of the energy—approximately 229 billion kWh
annually—is dissipated as losses in transmission and distribution (T&D) systems (based on
1992 T&D losses).!? If subtransmission lines are included in the distribution system, about
35 percent of the losses occur in the transmission system and 65 percent of the losses occur in
the distribution system.? This ratio of losses is typical of the Tennessee Valley Authority
(TVA), which meters sales to municipalities and cooperatives at the input of their distribution
systems. The TVA T&D system is considered typical of large utilities in the United States. As




can be seen in Fig. 1.1(a), utilities have made investments over time to decrease losses in
their T&D systems and to improve system efficiency. The maximum efficiencies of
distribution transformers have also improved over the same period. Figure 1.1(b) shows the
average maximum efficiency for a 25-kVA distribution transformer. Approximately

41 percent of the average distribution system losses are associated with distribution
transformers according to two studies involving three utilities.** Thus, distribution
transformers account for approximately 61 billion kWh of the annual energy lost in the
delivery of electricity.

Older transformers are being replaced over time by new, lower-loss units during
routine utility maintenance of power distribution systems. As a result, the percentage of T&D
losses associated with distribution transformers is decreasing each year. If there are cases
where the replacement of older transformers with new low-loss units can be accelerated cost-
effectively, then additional energy savings could be achieved. Energy savings from the use of
more energy-efficient transformers would reduce generation requirements and would also
contribute to the objectives of the President’s Climate Change Action Plan by reducing
greenhouse gas emissions.

The purpose of this report is to provide the results of an evaluation of the practicability,
cost-effectiveness, and potential energy savings of replacing, or upgrading components of,
existing utility distribution transformers during routine maintenance. The report contains
recommendations on how such energy savings could be achieved. This is a requirement of
section 124 of the Energy Policy Act of 1992.

1.2 STUDY APPROACH

This study consists of three major elements: database development, model development,
and technical and economic analyses to derive estimates of the potential energy savings and
assess the impacts of accelerating transformer retirements. Analyses used national averages of
the data. Each stage is discussed briefly below.

L Database Developmeni. Collecting and processing data was a major part of the study.
Data was provided by the National Electrical Manufacturers Association (NEMA), the
Edison Electric Institute (EEI), the American Public Power Association (APPA),
manufacturers, and selected utilities. The survey forms circulated by EEI and APPA to
their member utilities are reproduced in Appendix A. Information from 68 electric
utilities was used in the analysis. In addition, Federal Energy Regulatory Commission
(FERC) Form 1, Energy Information Administration (EIA) information, and trade
journals were used. The basic information required included historical information on
the distribution transformer population by sizes and losses, losses and costs of new
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transformers, and utility maintenance practices, including costs and criteria for retiring
old units.

Model Development. Special models had to be developed to age transformers
(determine failures over time) to obtain an estimate of the present in-service
population (see Appendix B), to conduct an economic analysis from a national
perspective, and to estimate the potential energy savings. Existing economic
models were used for impact evaluations.

Analysis. The technical and economic analyses provided estimates of transformer
loading factors, losses, and remaining life for units that had been in service a

given number of years, and identified cases where replacement would be cost-
effective. The cost-effective cases and other bounding cases were used in an

energy savings analysis.

1.3 SCOPE AND CONTENT

This report documents the assumptions, models, data, and conclusions of this study on
the feasibility of accelerating the replacement of older distribution transformers with new,
lower-loss units. This study is limited to the consideration of transformers replaced during
routine electric utility maintenance. Data on electric utility maintenance practices are available
from an industry survey and from six selected surveys that provided more in-depth
information. (See Appendix A.) Only oil-filled distribution transformers were considered,
since about 99 percent of all utility distribution transformers are oil-filled. Dry-type
transformers are normally located inside buildings and are owned by commercial and
industrial customers. In addition, transformers used for series streetlight circuits were not
considered because these circuits are being replaced over time by modern, more efficient
lighting techniques. Both pole-mount single-phase and pad-mount single- and three-phase
transformer types were considered. Most of the transformers that presently undergo routine
utility maintenance are single-phase pole-mount units. '

Section 2 describes the routine maintenance practices that electric utilities perform for
distribution transformers, and Section 3 discusses the technical characteristics and important
parameters of distribution transformers. Cost-effective replacement strategies are described in
Section 4, and the potential energy savings impacts as well as other practicality issues are
discussed in Section 3.




2. ROUTINE MAINTENANCE BY UTILITIES

2.1 GENERAL MAINTENANCE PRACTICES

Information was collected from 68 electric utilities to determine general utility
maintenance practices for distribution transformers. Typically, maintenance is only performed
when distribution transformers are removed from service. The maintenance program used by
most utilities consists of the following basic elements: inspection and testing, minor in-house
refurbishments, major refurbishments in the form of rewinding transformers, and retirements.
A flow diagram of the maintenance process is shown in Fig. 2.1. Distribution transformers
are removed from service for a variety of reasons: for example, transformers may be
overloaded, may have failed because of lightning or traffic accident damage, or may be
removed because of voltage upgrades or line reroutes due to street or highway construction.
Distribution transformers are not normally removed from service because of age alone. The
removed units are delivered to the transformer maintenance department, where they are
examined to determine if they can be refurbished and returned to stock or should be retired to
scrap. Refurbishments range from minor in-house repair to major maintenance such as
rewinding. Although some utilities have the capability to rewind transformers, many send
transformers to a rewinding plant for major refurbishments. However, rewinding is a very
small part of the overall refurbishment activities (less than 2 percent of refurbished
transformer capacity), according to an industry survey.

2.2 INSPECTION AND TESTS

Removed transformers are delivered to the transformer maintenance department, where
inspections and tests are conducted to determine the extent of repairs that will be necessary to
return units to service. Transformers judged to be beyond repair are retired and disposed of as
scrap. The inspection and testing program varies from utility to utility. In general, utilities
employ several of the following tests:

L visual inspection to identify leaky gaskets, broken bushings, corrosion, etc.;

® insulation power-factor or resistance tests;

L oil tests for dielectric quality and/or the presence of contaminants such as water or
polychlorinated biphenyls (PCBs); ‘

° winding turns ratio tests;

® rated voltage and current tests; and

L no-load-loss and load-loss tests.
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annual report required of major utilities.




The results of these tests are used along with age and economic considerations to determine if
a transformer is to be refurbished, scrapped, or rewound.

2.3 RETIREMENT CRITERIA

The decision to retire a transformer is based on a number of factors. Failure of one or
more of the electrical and oil tests, PCBs in the oil, and age were listed most often in the
survey as reasons for retirement. Transformers with incorrect primary voltage ratings due to
system voltage changes are also retired or sold. Approximately 49 percent of the utilities that
participated in the survey have age criteria for retiring distribution transformers. Of those in
our survey that did, the retirement age ranged from 14 to 35 years, and the average age was
near 25 years, with a standard deviation of about 5 years. The retirement criteria determines
whether a transformer that has been taken off-line should be considered for refurbishment or
automatically scrapped and should not be confused with the average transformer life
(retirement age) which is about 32 years (see Appendix D). On average, in terms of
transformer capacity, about two-thirds of the units removed from service are retired. This
retirement rate varies from utility to utility, from about one-third to nearly 100 percent of the
transformers removed from service. The annual retirement rate is 1.7 percent of the in-service
capacity, and the number of units retired is 2.0 percent of the total in-service distribution
transformers.

2.4 REFURBISHMENTS AND REWINDS

Transformers that are not retired are refurbished and returned to stock. Minor
refurbishments may involve nothing more than updating the transformer’s historical record
and replacing connectors, nuts, etc., as needed. Other units may need gaskets or bushings
replaced or the oil changed and the coils dried out. Some utilities routinely change or clean
the transformer oil. Major refurbishments such as rewinding the transformer are often
performed by a rewinding firm. Appendix C provides additional information about rewinding
transformers. The rewound transformer capacity is a very small portion of the total
refurbished capacity (less than 2 percent, according to industry survey results).

The total annual refurbished transformer capacity, including rewound units, is
approximately 1.0 percent of the in-service capacity. Over 47 percent of the refurbished
transformers are less than 10 years old, about 34 percent are between 10 and 20 years old,
17 percent are 20 to 30 years old, and less than 2 percent are older than 30 years.




2.5 NEW PURCHASES

New distribution transformers are purchased to meet the demands of new growth,
replace units that are retired, and replenish the stock. The average number of new purchases
is 3.0 percent of the number of in-service distribution transformers.® The number of purchases
for new installations is about 0.9 percent of the number of in-service distribution
transformers. The number of new purchases used to replace retired transformers is 2.1
percent of the number of in-service units.

Many electric utilities tend to purchase new transformers that provide the lowest total
owning cost (TOC)" for their system. Loss evaluation factors (capitalized energy costs)
associated with no-load core losses and full-load winding losses at the nameplate rating
(excluding core losses) are developed using the utility’s cost of energy and other economic
parameters. The core loss evaluation factor and the winding loss factor are often called the
A and B factors, respectively. This information is provided to the transformer manufacturers
for a bid.

2.6 SUMMARY
Electric utilities routinely purchase, refurbish, and retire distribution transformers.

Table 2.1 summarizes the annual average levels of new purchases, refurbishments, and
retirements for utility distribution transformers.

“The total owning cost (TOC) is a capitalized value, making the first cost of the transformer comparable to the
lifetime energy costs.




Table 2.1. Annual utility distribution transformer activities

Percent of in-service Percent of in-service

Activity capacity units
New purchases® 4.2 ' 3.0
Retirements® 1.7 2.1
Refurbishments® 1.0 0.9
New installations’ | 2.5 0.9

¢ Based on adjusting FERC Form 1 report of new distribution transformer purchases
(1.2 million in 1992) and a total of 39.5 million utility distribution transformers in service,
and assuming an average size of 58.6 kVA for new transformers. (See Appendix B.)

b Based on 1993 utility industry survey.

¢ Derived from new purchases less retirements.







3. DISTRIBUTION TRANSFORMERS

3.1 INTRODUCTION

The transmission and distribution (T&D) of alternating current (ac) electric power
requires the conversion of voltage and current levels to match the desired application. This
conversion; accomplished by transformers, represents a significant portion of the investment
in the T&D system. While the transformers used in the T&D system are acknowledged to be
very efficient, the cumulative effect of the losses of a large number of distribution
transformers can represent a substantial cost to the system. The major objective of transformer
design is to achieve the lowest possible TOC to owners and operators; this requires a trade-off
between the capital cost of transformers and the resultant cost of the transformer losses.
Moreover, the strong interaction and interdependence of the design parameters require careful
trade-offs to accomplish this objective. These trade-offs often result in what may appear to the
casual observer to be completely different concepts.

As indicated in Section 1, this report addresses those transformers owned by electric
utilities that perform the final transformation from utility distribution voltages (4.0-34.5 kV)
to final utilization voltage (120/240-V single-phase; 120/208-V or 278/480-V three-phase);
hence, the obvious designation “distribution transformer.” These distribution transformers
range in size from about 5-kVA single-phase to 2500-kVA three-phase transformers. In
general, distribution transformers operate over a wide range of loads, with substantial portions
of the day and year near minimum load. As shown in Section 3.2, this light loading increases
the importance of losses at low-load levels. Because of the extreme variation in load,
distribution transformers are sometimes called “all-day” or stand-by transformers, since
energizing current must always be present, even without load. The vast majority of
distribution transformers on the utility-owned distribution system are the oil-filled type, as
opposed to dry type; hence, the discussion in this report is limited to oil-filled distribution
transformers. Dry-type transformers are generally used by large customers within facilities
and are not considered a part of the utility distribution system, since these are located on the
customer side of the meter. '

3.1.1 The Ideal Transformer

There are three basic elements to a transformer: the primary winding, the secondary
winding, and the core. Figure 3.1 indicates the key elements pictorially. The two windings
are coils of wire wound around a core of high-magnetic-permeability material. By definition,
the primary winding is the one connected to the electrical source, while the secondary
winding is connected to the output or load. The core may be made of silicon steel, nickel
alloy, or amorphous metal and provides a path for the magnetic flux that links all the
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Fig. 3.1. Major internal elements of a transformer.

windings. An alternating flux is set up in the core when the primary winding is connected to
an ac voltage source. This alternating flux induces voltage in all windings that is proportional
to the number of turns in the specific winding (Faraday’s law). In the ideal transformer there
are no losses or leakage flux, and the ratio of the voltages induced is equal to the ratio of the
number of turns in the respective windings. For example, a transformer with a 1000-Vac
source applied to 100 turns in a primary winding will induce a voltage of 100 V in a
secondary winding with only 10 turns. By selecting the proper turns ratio, the designer can
determine the ratio of input to output voltages. Simply, the volts/turn is constant in each
winding.

Since the ideal transformer neither stores nor loses energy, the power input to the
primary winding must equal the power output to the secondary winding. As the power input is
the product of the voltage and current on the primary side, the power output must be equal to
the product of the voltage and current on the secondary side. This implies that the ratio of the
primary and secondary current is inversely proportional to the turns ratio. Hence, the ideal
transformer simply changes the voltage between the windings in proportion to the turns ratio
and changes the current in inverse proportion. In the example given in the previous




paragraph, the secondary current must be 10 times the primary current. Assuming that the
transformer’s rating is 5 kVA, then the primary current is 5 A, and the secondary current is
10 times this, or 50 A or I,N, = LN, since the volts/turns are constant.

Obviously, transformers are not ideal, and while the modern transformer very closely
approaches the ideal, there are losses. Specifically, there is a voltage drop through the
transformer under load so that the voltage ratio is not exactly equal to the turns ratio and an
excitation current proportional to the supply voltage flows in the transformer even when no-
load current is present. The excitation current reflects the presence of no-load losses, while
the losses at load are in direct proportion to the product of the square of the current and the
winding’s effective electrical resistance. For these reasons, the turns ratio does not match the
ideal relationship. Details of these loss mechanisms are discussed more fully below.

In the transformer depicted in Fig. 3.1, the windings are separated to avoid confusion.
In reality, the lower-voltage windings are placed next to the core and extend over the entire
core leg, with the high-voltage windings placed outside and over the low-voltage windings.
Since the core is at ground potential, this simplifies the problem of insulating the high voltage
from the core material. Clearly, the windings must be insulated from ground and from low to
high voltage. In addition, voltage drop in the windings requires an insulation from turn to turn
and layer to layer of each winding (and between phases in three-phase units). The space
required by the insulation effectively increases the size of both coil and core and hence the
transformer’s design volume. The amount of insulation required is dependent upon both
steady-state and transient voltage levels, and increases with the transformer’s rated voltage.
Since the transformer is an ac device, a small loss (often ignored in distribution transformer
designs) is present in the insulation. This loss, which is called the dielectric loss, and other
less significant losses may require more careful attention as losses are further reduced in
distribution transformers. '

There are two basic methods of winding transformers: (1) the core form, in which the
two sets of windings surround a core, and (2) the shell form, in which a single set of
windings is surrounded by core material, as shown in Fig. 3.1. There is essentially no
inherent difference in cost or performance between the two designs, and the design chosen is
somewhat dependent upon the setup of the manufacturing facility.

3.1.2 Major Transformer Loss Mechanisms: No-load and Load Losses

As noted, the ideal transformer provides an excellent approximation to actual trans-
former behavior; however, detailed design and performance studies must take into account the
departure from the ideal. There are essentially two major types of losses in transformers, no-

load losses and load losses.’

No-load losses. No-load losses are those losses required in the excitation of the
transformer. No-load losses include dielectric loss, conductor loss due to excitation current,
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conductor loss due to circulating current, and core loss. The dominant no-load loss is core
loss, which is associated with the time-varying nature of the magnetizing force and results
from hysteresis and eddy currents in the core materials. Core losses are dependent upon the
excitation voltage and may increase sharply if the rated voltage of the transformer is
exceeded. There is also some inverse dependence on core temperature.

Hysteresis losses in transformer core materials occur because the core materials resist
realigning the magnetic domains in the material. The power required to overcome this
reluctance and change magnetic alignment is dependent upon the operating frequency, the
amount and type of core material, and the magnitude of the magnetic flux density.
Furthermore, the magnitude of hysteresis loss is dependent upon flux density, which is, in
turn, dependent upon terminal voltage and the number of winding turns. This interdependence
is referred to as the “machine equation” and is a consequence of Faraday’s law of
electromagnetic induction. At 60 Hz, this relationship is expressed by the equation
B = E/(266.57NA), where B = magnetic flux density (tesla), £ = the terminal voltage
(rms volts), N = the number of turns in the winding, and A = the cross-sectional area of the
core (m?). .

The initial magnetization curve and a typical hysteresis curve for a ferromagnetic
material are shown in Fig. 3.2. Clearly, the relationship between magnetic flux density and
magnetic field intensity is nonlinear. For maximum operating performance at minimum capital
cost, it is generally desirable to operate the transformer just below the knee, or bend, in the
magnetization curve. Care must be taken to ensure that the operating voltage levels do not
push the transformer into the saturation region of the curve beyond the knee, since this
sharply increases losses and harmonics. Alternatively, reduction of the peak operating flux,
while reducing hysteresis losses, results in the need for a larger cross section of core material
and can thus increase transformer capital cost, weight, and volume. The use of different core
materials also impacts size and capital cost.

The alternating flux induces in the core material small circulating currents much like
eddies in a stream. These eddy current losses in the core materials represent the other major
component of core losses and are functions of the operating frequency, the flux density, the
volume of core material, and the resistivity of the core material. To reduce eddy current
losses, the core materials are selected for high resistivity and are formed into thin sheets
called laminations which are separated by thin layers of insulating oxide coating and oriented
to minimize the induced currents. These actions increase capital cost by increasing the core
volume, the materials cost, and the assembly labor costs. Similarly, decreasing eddy currents
by lowering the flux density increases the core material requirements and potentially the
capital cost, weight, and volume.

The resistivity of the core material has traditionally been increased by alloying iron and
silicon and cold-rolling the materials into thin laminated sheets of 7- to 12-mil thickness.

" These materials are then heat-treated to reduce hysteresis losses. While great strides have been
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made in reducing the losses in high-silicon-steel materials, a technique for producing materials
in which the iron atoms are randomly oriented (amorphous metal) has been developed. In this
process, a molten alloy of iron, silicon, and boron is allowed to spill in a ribbon onto a
rapidly rotating drum, where it is chilled at the rate of about a million degrees per second,
forming a glasslike ribbon of material about 1-mil thick without crystalline structure. This
material has good magnetic properties, low inherent hysteresis losses, and high resistivity.
The very thin laminations greatly reduce eddy currents, but their extreme brittleness and the
difficultly in handling them adds to the assembly cost. Transformer cores made of this
amorphous core material have less than 25 percent of the losses per pound of material
demonstrated by the best transformer cores made of high-grade silicon steel. The drawbacks
of the amorphous core material inqlude increased core costs, increased difficulty in
fabrication, increased core volume and weight, and reduced saturation flux density. While the
present capital cost penalty relative to high-grade silicon steel appears to be about 25 percent,
the industry is optimistic that this penalty can be reduced to less than 10 percent.?

Load losses. Those losses that are incident with the carrying of load are referred to as
load losses. Unlike no-load losses, which are constant and always present, load losses vary
with the square of the load carried by the transformer and include the resistive heating (I’R)
losses in the windings due to both load and eddy currents; stray loss due to leakage fluxes in
the windings, core clamps, and other parts; and the loss due to circulating currents in parallel
windings and parallel winding strands. For distribution transformers, the major source of load
losses is the I’R losses in the windings.

Load losses can be reduced by selecting lower-resistivity materials (such as copper) for
the windings, by reducing the total length of the winding conductor, and by using a conductor
with a larger cross-sectional area. Eddy currents are controlled by using subdividing and
insulating the conductor and by conductor shape and orientation. Clearly, this involves a
combination of material and geometric options which also depend upon the core dimensions.

As a general rule, reducing no-load and load losses involves trade-offs with capital
cost, volume, and weight. Larger, heavier transformers are generally more efficient but are
also more expensive. Moreover, for a given capital cost, volume, and wéight, transformers of
the same voltage and kilovolt-ampere rating trade off no-load against load losses. This is
illustrated conceptually by the cost versus losses surface in Fig. 3.3, which in reality is a set
of discrete points established by available core dimensions. Since load losses vary with the
square of the load, transformer efficiency is load-dependent. Furthermore, it can be shown
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mathematically that maximum efficiency occurs at the load point for which load losses and
no-load losses are equal.” Most distribution transformers are generally lightly loaded for
relatively long periods and are designed with lower no-load losses to operate with maximum
efficiency at 25-50 percent load (Fig. 3.4). The curves shown in Fig. 3.4, which are typical
of distribution transformers, illustrate two different applications: (1) the first—called low no-
load loss (NLL), high load loss (LL)—is for transformers that would be expected to be lightly
loaded (low-load factor); and (2) the second—Iabeled moderate NLL, low LL—would be
applied to a transformer with a higher load factor (load factor = average load / peak load).
The curves are easily plotted using equations of the type illustrated in the previous footnote,
inputting values for the nameplate rating, load losses, and no-load losses. The effect on total
losses is indicated by Fig. 3.5, which illustrates the general nature of this trade-off.

3.2 TRANSFORMER LOSSES, LOADING, AND LIFE

Typical values for losses in distribution transformers are given in Table E.1 by size and
age. As a result of improved performance in core materials from both silicon steel and
amorphous core materials and increased demand for lower TOCs, transformer losses have
decreased steadily since the 1950s. v

The TOC evaluation methodology,” which has been used by utilities for a number of
years, provides a balance between cost of purchase and cost of energy losses. The wide range
of no-load evaluation values (A factor) and load loss evaluation values (B factor) indicate the
broad diversity of utility energy and capital expenses. While the individual A and B factors
reflect the cost of no-load and load losses to the utility, it is interesting to observe that for
transformers of equal cost (effectively eliminating the capital cost) the ratio of A/B
characterizes the relative importance to utilities of no-load losses relative to load losses. Low
values of A/B seem to favor transformer designs with lower load losses, while high values
seem to favor designs with lower no-load losses.

Determination of both the size in kilovolt-amperes and the load factor of distribution
transformers is an important task. Methodologies have been developed to enable utilities to

“Efficiency (n) is defined as output energy divided by the sum of output energy and losses. Assuming
constant terminal voltage,

q = S cos®
[S cos® + core losses + load losses x (|S|/Sp .

where S = kVA load, S; = nameplate rating, and cos © = power factor. For this report, 7 is shown for
cos © = 1. Since voltage fluctuation under operating conditions is limited, the voltage assumption is
acceptable for well-designed distribution transformers.
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better size the transformer to the load characteristics.’ Studies seem to indicate that
distribution transformers are lightly loaded most of the time, with short periods of time in
which loads may be 50-100 percent above the rated load. In other words, a 10-kVA
transformer might be loaded at 15-20 kVA for periods of a few hours per year with slight
loss in useful life. !

An important point to note is the relatively large spread in the peak load. Nickel'*!
suggests a variable peak loading with an initial peak load of 0.6 to 1.0 and a final peak of
1.25 to 2.0 based upon a 1971 industry survey. The present study uses an initial peak of 0.8
and a final peak of 1.5. The transformer load is assumed to grow from the initial to the final
peak at a specified rate, at which point the transformer is moved to a lower load location or
retired. Using a generally accepted formula relating loss factor to load factor [LSF = (0.15 +
0.85LF)LF] and a load factor of 0.32 implies a loss factor of 0.135, which is used in both
this study and the earlier work of Nickel." Since these data are utility-specific, the use of a
single national average figure presents some risk. Even within a utility this information is
constantly changing and is often evaluated by indirect methods. However, this data is
representative.

A subject of major concern to utilities is projected equipment life. For distribution
transformers a loading guide has been established.'” This guide provides a method for
determining the insulation’s hottest spot temperature as a function of load and a relationship
between temperature and time that is used to compute transformer life. Present distribution
transformers are designed to operate 20 years at the design load and specified hot-spot
temperature. Underloaded transformers are clearly less stressed thermally and may have lives
extending well beyond 30 years, but transformers loaded to greater than nameplate rating for
extended times may have significantly shortened lifetimes. The national average age data
referenced below implies that distribution transformers may be significantly underloaded.

Transformer loading guides define the life of the insulation material in terms of
mechanical strength, which, in turn, is related to the chemical properties of the paper
insulation material (i.e., the degree of polymerization). The degradation of the long chains of
cellulose molecules effectively reduces the tensile and dielectric properties. While there is a
correlation between the tensile strength of the paper in the oil/paper system and dielectric
performance, such a measure of insulation life is not ideal. The insulation system, and hence
transformer life, are also dependent upon dielectric stress (transient overvoltage such as
lightning and switching surges), mechanical vibration, and thermal expansion and contraction.
Transformer life is also influenced by other non-load-related failure mechanisms such as
accidents, extreme weather conditions, and even administrative decisions to retire the units
with insufficient remaining apparent service life following a changeout.

For this report, a national average for utility distribution transformer life of 31.95 years
and a standard deviation of 6.4 years was used. It should be noted that 30 years is the typical
period used for evaluating TOCs. The data and analytical process used to model the
distribution of utility transformer life are contained in Appendix D. This model is especially
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useful for estimating the average life remaining on units in service. Such estimates can be
used at changeout to determine whether to scrap or reuse the transformer.

While the present average age is well beyond the 20-year design life, there is evidence
of attempts by some utilities to more closely match load to transformer size. This strategy
may result in smaller transformers for a given customer site, more customers served by
individual transformers, and potentially shorter transformer life due to the resulting higher
loading factors. The overall result should be a reduction in TOC.

In making the decision to reduce transformer size, utilities must consider voltage
regulation. Voltage drop in the transformer due to sudden load change can result in customer
complaints. For example, an electric motor requires up to 6 times the operating current during
startup, and if the motor is large in size relative to the transformer, voltage can be
significantly reduced for up to 15 seconds until the motor reaches operating speed. A common
solution to motor-caused voltage-drop problems is to oversize the transformer. The net result
is an underloaded transformer with a relatively long life.
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4. ECONOMIC ANALYSIS

The economics of upgrading distribution transformers during routine utility maintenance
requires a life-cycle cost (LCC) comparison. The LCC of continuing to use an existing
transformer is compared to the LCC of replacement with a new transformer. This comparison
is referred to as “transformer replacement economics.” This chapter discusses the method of
comparison and the development of required assumptions, and then develops cases that
demonstrate what conditions favor continued use of refurbished transformers or replacement
with new transformers.

The LCC comparison in this section is simplified by focusing only on those aspects of
the transformer’s LCC that differ between refurbishing a transformer and early replacement
with a new transformer. Therefore, some costs associated with owning and maintaining
transformers that would not vary between refurbishment and replacement are not included in
this comparison.

4.1 APPROACH
4.1.1 Economics of New Transformer Alternatives

Industry sources indicate that most utility purchases of new transformers are based on
an evaluation of TOC," which is calculated by adding the purchase price or first cost of the
transformer to the estimated capitalized value of the transformer’s energy losses. This
valuation of a transformer’s energy costs makes them directly comparable to its first cost. The
loss formula indicates how a specific utility can estimate the capitalized value of no-load and
load losses for new transformers over a study period.” For instance, typical values might be
$3.00 per watt of no-load loss and $1.00 per watt of load loss for a 30-year study period.
Therefore, a transformer with losses of 100 watts (no-ioad) and 280 watts (load) would have a
capitalized value of losses for the entire study period of $300 (no-load) and $280 (load). The
total capitalized value of the losses would be $580, and if it is assumed that the initial cost of
a new transformer is $500, the TOC of the transformer over the 30-year study period would
be $1080.

*The total owning cost (TOC) is a capitalized value, making the first cost of the transformer comparable to the
lifetime energy costs. The life cycle costs (LCCs) reflect the discounted life time costs of the transformer, where
capital costs reflect interest and depreciation plus other costs associated with the transformer’s initial cost. The
capitalized values can be converted to the equivalent discounted present values of LCC by multiplying by the ratio of
the fixed charge rate over the capital recovery factor.
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TOC is given by the following equation:

TOC=NLL X A+ LLXB+ C ,

where
TOC =  total owning cost,
NLL = no-load loss in watts,
A = cost per watt of no-load loss (this is termed the A factor),
L = load loss in watts at the transformer’s rated load,
B = cost per watt of load loss (this is termed the B factor),
o the initial cost of the transformer, including transportation, sales taxes, and

other costs to prepare it for service.

The makeup of the A and B factors will be further discussed below. For now, these
factors can be interpreted as summarizing a utility’s economic costs associated with the per
unit load and no-load losses on its distribution transformers.

Given the A and B factors, the TOC can be easily calculated for transformers with
various combinations of losses and initial costs to determine the transformer that has the
lowest TOC—i.e., is the most economical for a given utility application. If alternative
transformers are considered similar in terms of other considerations such as reliability and
expected service life, then the most economical transformer would be the one that had the
lowest computed TOC. Distribution transformer manufacturers typically make bids based on
designs that achieve the lowest TOC given the utility’s submission for the loss evaluation
. formula (A and B factors). Because the costs of transformer materials and design can be
traded off to obtain higher or lower energy losses, transformer designs with significantly
different loss and price characteristics may be economically competitive based on their TOCs.
In fact, a single transformer manufacturer can come up with several different combinations of
losses and initial purchase prices for a specific size and type of transformer with very similar
TOCs. The key factor in the design strategy of finding the transformer with the lowest TOC
is the relative prices of material and labor inputs with respect to the loss formula that will
determine the transformer’s TOC.

The hypothetical examples in Table 4.1 demonstrate the nature of the trade-offs
between purchase price, a utility’s loss formula (A and B factors), and the TOC. The A and B
factors can vary from one utility to another based on differences such as the cost of '
electricity. As seen in the hypothetical example, variations in the A and B factors can result in
the selection of different transformers.

In general, transformer manufacturers will design more energy-efficient transformers
when bidding on transformer contracts that specify higher A and B factors. However, as can
be seen by these examples, energy efficiency tends to be achieved at higher material and labor

24




Table 4.1, Economic trade-offs for hypothetical transformer designs

Example 1: Cost per watt of no-load loss, $4; cost per watt of load loss, $1

Design 1 Design 2 Design 3 Design 4

No-load loss (watts) 100 80 50 120
Load loss (watts) 220 280 290 310
Tnitial cost $490 $475 $580 $350
Cost of no-load losses $400 $320 $200 $480
Cost of load losses $220 $280 $290 $310
Total owning cost $1110 $1075 $1070 $1140
Rank (most preferred is 1) 3 2 1 4

Example 2: Cost per watt of no-load loss,$2.50; cost per watt of load loss, $0.75

Design 1 Design 2 Design 3 Design 4
No-load loss (watts) 100 80 50 120
Load loss (watts) 220 280 290 310
Initial cost $490 $475 $580 $350
Cost of no-load losses $250 $200 $125 $300
Cost of load losses $165 $210 $218 $233
Total owning cost $905 $885 | $923 $883
Rank 3 2 4 1

Example 3: Cost per watt of no-load loss, $2.80; cost per watt of load loss, $0.75

Design 1 Design 2 Design 3 Design 4

No-load loss (watts) 100 80 50 120
Load loss (watts) 220 280 290 310
Initial cost $490 $475 $580 $350
Cost of no-load losses $280 $224 $140 $336
Cost of load losses $165 $210 $218 $233
Total owning cost $935 $909 $938 $919
Rank | 3 1 4 2
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costs in the manufacture of the transformer. The terms of the trade-off between the initial
purchase cost and the transformer losses are given by the A and B factors. Practical examples
of this trade-off are the ability to reduce load losses (B factor) by using more copper in the
transformer’s windings or substituting copper for aluminum in the windings. This trade-off
varies with the changing relative prices of copper, aluminum, labor, and capital. Similarly,
core materials with lower losses but higher costs (such as high grades of silicon steel and
amorphous metals) can be used to reduce no-load losses (the A factor). It should also be noted
that there are design trade-offs and cost differences in trying to design transformers with both
low no-load losses (A factor) and low-load losses (B factor).

4.1.2 Economics of Early Transformer Replacement

The economics of early transformer replacement considers the LCC of a new
transformer as outlined above, compared to continuing to use an existing transformer. The
present values for capital and energy in the LCC analysis can be calculated directly from the
corresponding TOC (capitalized) values and are proportionate. Therefore, a comparison of
transformer costs using present values or capitalized values will yield the same result in terms
of the comparison, although the total cost of the alternative will vary depending on the
method used. The LCC of a new transformer is straightforward, as described above. The
standard approach for comparing this cost to the cost of continued use of an existing
transformer is to assume a remaining life for the existing transformer (for instance, 10 years)
and then to assume that it will be replaced by the same new transformer that is assumed for
early replacement. The total LCCs for each alternative can be calculated as a present value.
For purposes of this study, because only transformers that have already been taken out of
service for maintenance are being considered for replacement, the costs of reinstalling the
transformer at the beginning of the study period would be incurred for either a new
transformer or a refurbished transformer and can be ignored. If this were not the case, the
costs of transformer removal and installation would have to be included in the LCC analysis.
Tables 4.2 and 4.3 indicate the present values in the form of levelized costs” of a hypothetical
example. The first-year costs for the “replace now” option include the levelized capital and
energy costs that continue throughout the entire study period. The “refurbish and replace
later” option incurs the refurbishment costs plus the levelized energy costs of the refurbished
transformer in the first year; the levelized energy costs for the refurbished transformer for
years 2 through 10; the take-down and reinstallation costs plus the levelized capital and
energy costs of the new transformer in year 11; and the levelized capital and energy costs in
years 11 through year 30.

“Levelized costs are the constant annual costs that, when discounted, are equivalent to a present value. Levelization
provides a way of comparing two or more streams of values that may fluctuate widely on an annual basis.
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Table 4.2. Time profile of cost components for early
transformer replacement vs refurbishment

Option and costs

Year Refurbish and replace later Replace now

1 Refurbishment costs plus levelized Levelized energy and capital for
energy for refurbished transformer new transformer

2-9 Levelized energy for refurbished Levelized energy and capital for

 transformer new transformer

10 Take-down and reinstall costs plus Levelized energy and capital for
levelized energy and capital for new  new transformer
transformer

11-30 Levelized energy and capital for new Levelized energy and capital for
transformer new transformer

Table 4.3. Example of present value cost comparison for
early transformer replacement vs refurbishment

Option and costs

)
Refurbish
Cost component 1) and replace Net costs of
) Replace now later replacing now

Cost of changeout and refurbishment - $201 —$201
Costs of no-load loss $212 $378 -$166
Costs of load loss $673 $628 + $45
Capital costs $734 $373 +$361

Total ‘ $1619 $1580 + $39

The cost comparison can be broken down into three categories: capital costs, energy
costs, and costs related to changeout and refurbishment. The primary advantage of the
refurbish and replace later option is that it delays the purchase of a new transformer and
therefore reduces the present value of capital costs. The replace now option avoids the cost of
refurbishment and the extra costs of take-down and reinstalling in year 11. The balance of the
trade-off is the difference in energy efficiency in years 1 through 10. In years 11 through 30
both transformers have the same rate of energy use. The difference in the value of the energy
efficiency is weighted by the years of remaining life of the refurbished transformer because,
as stated above, after the refurbished transformer is replaced, there is no difference in energy
use through the remainder of the study period. The assumed remaining life of the refurbished

27




transformer is extremely important in this comparison. A shorter life reduces the present value
of capital cost savings and increases the present value of the take-down and reinstallation
costs. A longer life has the opposite effect. This is also an extremely important assumption
because it has a relatively significant effect on the outcome of the comparison and because of
its uncertainty. Another assumption of importance is the discount rate that is used to weight
the future costs. This weighting factor accounts for the time value of money, progressively
reducing the importance of future costs in the calculation of a present value. A lower discount
rate tends to favor the option of early transformer replacement because it gives more weight
to the higher energy costs of continuing to use the refurbished but presumably less-energy-
efficient transformer. Perhaps of greater importance, the future changeout and capital costs of
replacing the refurbished transformer are counted more heavily using a lower discount rate.
The Office of Management and Budget (OMB) requires using a 7 percent real discount rate
for this type of analysis. The discount rate, the A and B factors, price and performance
characteristics of new transformers, and other assumptions necessary for this analysis will be
discussed in Appendix E.

The economics of early replacement should also account for a difference in the residual
value of the refurbishment alternative versus the replace-now alternative at the end of the
study period. At the end of the 30-year study period, the transformer of the replace-now
alternative will be older than the transformer that replaced the refurbished transformer at the
end of its remaining life. This study accounts for this unequal remaining life as an end-effects
adjustment to capital costs. This adjustment is about 8 percent of the present value for a ,
50-kVA transformer comparison where the remaining life of the refurbished transformer is 10
years. The assumptions used in the economic analysis of early replacement of transformers
are detailed in Appendix E.

4.2 CASES AND RESULTS

The cases selected for study involve transformers representing varying transformer no-
load and load losses. The cost of losses reflects a national social perspective that is detailed in
Appendix E in the development of assumptions used to calculate the A and B factors. The
efficiency and cost of new transformers and refurbishment, take-down, and reinstallation costs
for refurbished transformers have been assumed from the industry survey. Three cases were
tested using the cost of losses (A and B factors) based on the national averages estimated in
Appendix E. The primary case assumed the average losses and costs for each size and type of
new transformer reported in the industry survey. A second case used the lowest reported no-
load-loss transformer and its corresponding load loss and cost reported for each size and type
of new transformer purchased in the survey. A third case used the lowest-load-loss
transformer and corresponding no-load loss and cost for each size and type of new
transformer reported in the survey. A final case tested the sensitivity of replacement
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economics substituting the average A and B factors that have been reported by utilities in the
industry survey for the A and B factors that were developed for use from the national
perspective in Appendix E. This case used the average new transformer losses and costs
reported in the survey. In all cases, the average refurbishment, take-down, and reinstallation
costs from the industry survey were assumed.

Table 4.4 summarizes the results of the economic analysis. The key variable is the age
at which the distribution transformer can be replaced cost-effectively. This has been
determined by finding the years of remaining life at which a refurbished transformer’s LCCs
equal the LCCs of replacing it with a new one. This can be defined as the break-even point
for early replacement. If the remaining life of the transformer is greater than this, then early
replacement is not cost-effective. Transformers that come in for routine maintenance with
fewer years of remaining life than the break-even point can be replaced cost-effectively. The
transformer’s break-even age was determined from an assumed distribution of transformer life
and the remaining life of the transformer at the break-even point. This provides an age
criterion for choosing between refurbishment and retirement based on choosing the cost-
effective alternative. It also establishes the vintage of the refurbished transformer, which is
used to assume its no-load and load losses in the economic analysis. The kVA of cost-
effective early replacement in Table 4.4 has been estimated using the break-even transformer
age and the estimated fraction of refurbishments that are older than the break-even age. The
derivation of this estimate is explained in Section 5.1. Table 4.5 reports the cost and loss
assumptions along with the break-even points for remaining life and transformer age for early
replacement with new transformers that have average costs and losses as reported in the
survey of investor-owned utilities. This is defined as the primary case.

The break-even age for early replacement of transformers in the primary case—with
average-loss new transformers—is about 24 years (approximately 11 years of remaining life).
For the second case, lowest no-load-loss transformers, it goes down to 22 years (about
13.1 years of remaining life), and for the third case, lowest-load-loss transformers, 21 years
(about 13.5 years of remaining life). Comparing these national cost-effective break-even time
frames to the utility survey data on refurbishments reveals that utilities are using a sound
rationale on refurbishments (i.e., the survey data indicates relatively little refurbishment takes
place on transformers older than these break-even points). For the primary case, which
utilizes average costs and losses reported in the survey of utilities, only 13 percent of the
transformers being refurbished could be replaced cost-effectively. The case with the highest
rate of cost-effective early replacement is for the low-load-loss transformers, where 22 percent
of refurbished transformers should be replaced. The final case, representing the utility
perspective, indicates that even fewer refurbished transformers can be cost-effectively replaced
as the average break-even age increases to about 28 years. This is because the average A and
B factors for utilities reflect a lower value on transformer losses and utilities place a higher
value on capital relative to expenses. In a sense, this case tests whether utilities are being
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Table 4.4. Break-even points for cost-effective refurbishment/replacement decisions

Av. age of Est.
Av. remaining life transformer kVA of cost-
at break-even at break-even  effective early
Case point point® replacements
Primary case: national 11.3 24.2 2,351,000

perspective—new transformers

with average losses

Low no-load-loss case: national 13.1 22.0 3,531,000
perspective—new transformers

with lowest no-load losses

Low-load-loss case: national 13.5 20.9 3,935,000
perspective—new transformers

with lowest load losses

Utility case: average utility 9.0 28.4 1,154,000
evaluation—new transformers with

average losses

“The average age of transformer at breakeven can be added to the average remaining life at breakeven to get
the expected life of that transformer if it is returned to service. The expected life of a transformer increases as it
survives. Therefore, a transformer at 30 years of age that is still operating would be expected to exceed the
average distribution transformer life of 32 years (see Appendix D).

cost-effective from their own perspective and we would not expect replacement to be
economical. The cost-effective early replacements using the utility evaluation factors result in
replacement of about 6.5 percent of total refurbished transformer capacity.

The low-loss cases were analyzed to determine the sensitivity of energy savings. For
each respective case, the lowest no-load loss or load loss transformers from the survey were
used as the replacement transformer. Therefore, these cases are not intended to represent
typical purchases of new transformers as in the primary case where transformer losses and
first cost were averaged across all reported purchases for each size and type transformer. As
with the primary case, the “national perspective” A and B values were used to estimate the
cost of losses in the economic analysis of the low-loss cases. However, the cost of the
transformers and the associated losses for the low-loss cases were taken from the specific
transformer purchases reported in the survey with the lowest load losses and the specific
transformer purchases with the lowest no-load losses. In Section 5.1, where energy savings
for these cases are estimated, they provide some insight into the sensitivity of potential energy
savings that might be attained from using these more efficient transformers as replacements.
However, care should be taken in interpreting these results, because as stated above, the low
no-load and load loss cases are based on utility-specific transformer purchases as opposed to
averages.
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5. POTENTIAL ENERGY SAVINGS AND OTHER IMPACTS

5.1 POTENTIAL ENERGY SAVINGS

An estimate of energy savings was made for cost-effective replacement criteria based on
transformer age. First, differences of the no-load and load losses assumed for the new
transformer cases were subtracted from typical no-load and load losses assumed for
transformers of the vintage indicated by the cost-effective replacement criteria. The historic
losses for transformers were weighted by the fraction of refurbishments and their associated
losses for all refurbished transformers as old as or older than the age criterion. The no-load-
loss differences were added to the product of 0.135 times the difference in load losses times
average peak load squared, 1.0885 (see Section 3.2). The 0.135 is the peak-load-loss factor
that converts peak-load losses to average per unit losses (see Section 3.2). This reflects a
transformer with a peak load beginning at about 0.8 per unit and increasing at a compound
annual rate of 1.7 percent over a 30-year study period. The procedure for calculating this
average was to calculate the mean square of the per unit peak load for each year over the 30-
year period. The resulting savings for each type of transformer was divided by the
corresponding transformer size and summed to provide a weighted estimate of average energy
savings in watts per kilovolt-ampere of transformer replacement.

Next, we estimated the cumulative fraction of refurbishments by transformer size and
type taking place before any given year using the data reported in the utility survey. For
instance, among utilities reporting the age of refurbished transformers in the survey, about
0.35 percent of refurbishment (by kVA) was for 25-kVA transformers purchased before 1965.
The cumulative fraction of refurbishments that could be cost-effectively replaced was
determined by adding the corresponding fraction for each type and size of transformer. This
fraction was multiplied by the fraction 0.01 (1.0 percent) that refurbishments represented in
the total kilovolt-amperage reported in the industry survey. The product of this multiplication
is the estimated fraction of the total in-service transformers (in kVA) that could be cost-
effectively replaced. Finally, the estimate of total kilovolt-amperage of in-service transformers
was multiplied by this fraction and then multiplied by the weighted average replacement
transformer energy savings in watts per kilovolt-amperage described above.

The energy savings for transformers meeting the cost-effective age criteria from the
cases presented in Table 4.4 are estimated in Table 5.1. The primary case assumes that the
energy value for transformer losses reflects a national perspective as developed in
Appendix E. The national perspective indicates that for new transformers with average losses,
only about 13 percent of refurbished transformers could be cost-effectively replaced with new
transformers. The cost-effective replacement of refurbished transformers with average-loss

33




Table 5.1. Alternative cases of cost-effective early
transformer replacement: energy savings estimates

First year cost- Billion Billion kWh
First year effective Est. first year kWh of of average
rate of refurbishments kVA of cost- savings annual
saving per  as percent of  effective early in first savings for

Case kVA total replacements year 25 years
refurbishments

Primary case 2.4 13.2 percent 2,350,000 0.05 0.14
Low no-load-loss 3.7 19.9 percent 3,531,000 0.11 0.38
case

Low-load-loss 2.3 22.1 percent 3,935,000 0.08 0.22
case

Primary case 2.9 18.2 percent 3,239,000 0.08 0.23

with upper bound
historic losses

Utility evaluation 2.4 6.5 percent 1,154,000 0.02 0.07
case '

new transformers would result in 0.05 billion kWh of savings in the first year. The lowest no-
load-loss and load-loss cases result in 0.11 billion kWh and 0.08 billion kWh of savings in the
first year, respectively.

The cases have been based on finding the most cost-effective replacement age for each
type of transformer. If the analysis had imposed a single replacement age, energy savings
could be higher or lower, depending on the age selected. However, there would be a
tendancy, on average, for replacements to be less cost-effective.

Besides the primary case, low-loss cases, and the utility perspective, Table 5.1 also
includes the primary case with an upper bound on historic losses. This recognizes the
uncertainty in the assumed transformer losses of existing transformers. A General Electric
study by Ward and Wong estimated the average losses for 10-kVA through 50-kVA single-
phase transformers using a sample of transformers.” Ward and Wong also estimated that for
25-kVA transformers, 90 percent of the time the true average-loss values for the total
population of transformers would be within +10-13 watts for no-load losses and
+15-21 watts for load losses of the sample mean. The current study used these estimates to
evaluate the primary case with an upper bound on historic losses. We adjusted all historic
transformer loss estimates used in the analysis upward by the percentage corresponding to the
percentages represented from the Ward and Wong estimates for 25-kVA transformers.
Statistically, this upward adjustment indicates that we can be 95 percent confident that average
historic losses were not greater than our assumptions. The remaining assumptions were
identical with the primary case. The upward adjustment in historic transformer losses
increased the energy savings by 76 percent over the primary case.
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The last column in Table 5.1 indicates the estimated average savings if early
replacement was practiced for 20 years starting in 1995. The average savings is significantly
greater than for the first year. This is because each year a new batch of transformers would
be replaced. Thus, the annual rate of energy savings would tend to accumulate as additional
lower efficiency transformers were replaced with transformers of higher efficiency. However,
each batch of replacements would tend to contribute progressively less energy savings after
the first year. This is because the savings from replacement transformers are measured against
the batch of transformers that are taken from service. If these transformers were refurbished
instead, they would then gradually reach the end of their service life and be replaced with new
transformers that would tend to be the same energy efficiency as the early replacement
transformers. This would tend, over time, to reduce the difference in energy efficiency
attributed to the batch of early replacement transformers. The difference would eventually
become zero as all older transformers would eventually be replaced. Also, each succeeding
batch of replacement transformers contributes somewhat less to the annual rate of savings as it
replaces a progressively more efficient vintage of transformers. For instance, to replace a
20-year-old transformer in 1995, the savings are calculated based on the difference between
the average losses of a new transformer and a 1975 vintage transformer. In 2005, replacing a
20-year-old transformer would mean replacing a 1985 vintage transformer that is more energy
efficient than a 1975 vintage transformer. This result assumes energy efficiency for new
transformers is not increasing in the future, therefore future transformer replacements result in
progressively lower energy savings as they replace more recent vintages of transformers that
are progressively more energy efficient. Ultimately, there are no energy savings attributed to
early replacement because transformers are being replaced with transformers of identical
efficiencies. Figure 5.1 portrays the pattern of annual energy savings for the primary case
over time. The annual rate of savings would tend to rapidly rise over the first 10 years of the
policy to about 0.2 billion kWh, 4 times its starting value, then rapidly fall. At 20 years, the
annual rate would be less than in the first year and would continue to fall. ,

Figure 5.2 graphically portrays the average annual energy savings over a 25-year
period starting in 1995 for three of the cost-effective early replacement cases. The savings in
the primary case represent the equivalent of about 50 percent of a small power plant
(a 50-MW plant at a 65 percent capacity factor) or the residential electricity requirements of a
city of 40,000 people. The above cases indicate that energy savings of cost-effective early
replacement are significantly increased over the average case by replacement with more
efficient transformers.

5.2 IMPACTS ON UTILITIES

The effect on utilities of early replacement of transformers would depend on the criteria
or rules used. The effect would depend on the additional capital cost the utility incurred for
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early replacement and how much of this cost could be recovered by the utility through its
electric rates. The average age criteria presented in Section 4, based on cost-effective early
replacement, would tend to have a relatively small effect in increasing capital costs for new
transformers. In the primary case, only about 13.2 percent of refurbishments would be
affected by the cost-effectiveness criterion. For most utilities this would represent a smail
increase in new transformer purchases. For instance, the average rate of refurbishment (by
kVA) is only about 24 percent of utilities’ new transformer purchases. And 13.2 percent of
this would be 3.2 percent.

Early replacement of transformers would tend to slightly reduce the average life of a
utility’s in-service transformers. At the same time it would tend to slightly increase total
capital costs for purchasing transformers. The energy savings from early transformer
replacement would reduce a utility’s operating costs, but this cost savings would tend to be
passed through to customers. The slightly increased capital cost for purchasing more new
transformers would be absorbed by the utility until it could be incorporated into the rate base.
The amount of time this required would depend on the utility’s schedule for rate hearings.
Therefore, before the additional capital costs could be incorporated into the rate base, the
effect on utilities would tend to be slightly negative, since they would not be able to recover
the carrying charge on the increased capital investment resulting from early replacement. In
the long run, however, there would be little if any effect because utilities would eventually be
able to adjust their rate base to include the increased capital costs. The foregoing assessment
assumes that utilities would have no additional regulatory burden in complying with early
replacement requirements.

5.3 IMPACTS ON MANUFACTURERS

The distribution transformer manufacturing industry is presently in a state of over-
capacity, and most transformer manufacturers are currently producing at 60 to 70 percent of
their capacity. Eight manufacturers produce roughly 80 percent of the distribution
transformers in the United States. The annual distribution transformer sales to utilities is about
1.2 million units; however, survey data indicate that there can be significant annual
fluctuations.

A survey of utilities (see Section 4) has indicated that 1.0 percent of the in-service
capacity of transformers was refurbished in 1993. This amounts to approximately 372,000
refurbished in 1995 if one assumes that the sample is accurate over the entire population of
transformers and that the average refurbished unit capacity was 47.7 kVA [1,778,635,000
(kVA of total capacity) X 0.01/47.7 = 372,879]. Based on a national perspective analysis,
about 13 percent of the refurbished capacity could be economically retired. This would add
only 48,000 transformers to the utility market, about 4 percent of the current utility
distribution transformer market of 1.2 million units annually. Even if the total number of
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transformers now being refurbished on an annual basis were instead being replaced, the
annual production of distribution transformers would be 1.50 million. The estimated full-
capacity production of transformers is around 1.85 million units annually (1,200,000/0.65 =
1,846,154). The hypothetical increased production of distribution transformers to 1.50 million
units is approximately 81 percent of estimated full-production capacity.

5.4 PRACTICABILITY ISSUES

The cost-effective replacement or upgrading of distribution transformers can be
accomplished within the framework of existing utility practices. Many utilities are currently
replacing or upgrading transformers in cost-effective strategies tailored to those utilities. This
most often involves age criteria for transformer retirements or loss criteria where losses are
determined from records or loss measurements. Some utilities may prefer to use a cost-
effective loss criterion for retiring older transformers. This approach, however, requires that
the losses for older units be known. If all utilities adopted cost-effective accelerated retirement
policies based on the national perspective, the additional demand for distribution transformers
would be only 4 percent of the new units now being purchased. Transformer manufacturers
could easily meet this small additional demand. ‘

5.5 CLIMATE CHANGE ACTION PLAN

The energy savings from the early replacement of transformers would result in a slight
reduction of carbon emissions as power plants are operated less. DOE’s estimate of carbon
emissions by utilities for the year 2000 was divided by the projection of electricity produced
by utilities.' This gives a rate of carbon emissions per kilowatt-hour. This rate can be applied
to the electricity savings estimated in Section 5.1. Using this approach, we find that the
cumulative reduction of carbon emissions by the year 2000 (1995-99) for the primary case for
cost-effective replacement, as described in Section 4, would be 0.094 million metric tons
(MMT). The average annual rate from 1995 through 2019 would be 0.025 MMT.




6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 UTILITY DISTRIBUTION TRANSFORMERS

Electric utilities purchase about one million distribution transformers annually. The
capacity of transformers for new installations is somewhat more than one-half of all new
transformer purchases. Most electric utilities tend to purchase new transformers that provide
the lowest TOC for their system. Loss evaluation factors associated with no-load core losses
and full-load winding losses are developed using the utility’s cost of energy and other
economic parameters. The loss evaluation factors are provided to the transformer
manufacturers to work up a bid for the utility to consider in purchasing new transformers.

The distribution transformer maintenance program used by most utilities involves
inspection and testing, minor refurbishments, major refurbishments in the form of rewinding
transformers, and retirements. Distribution transformers are removed from service for a
variety of reasons, such as transformer overload, failure due to lightning or traffic accident
damage, street or highway construction, or voltage upgrades. The removed units are delivered
to the utility’s transformer maintenance department, where they are examined to determine
whether they should be refurbished and returned to stock or retired to scrap. Refurbishments
range from minor in-house activities to major maintenance such as rewinding the transformer.
Rewindings, however, are a very small part of the overall refurbishment activities, less than
2 percent of refurbished transformer capacity according to an industry survey.

6.2 POTENTIAL FOR COST-EFFECTIVE ENERGY SAVINGS

Survey data indicate that many utilities are currentiy replacing or upgrading
transformers in cost-effective strategies tailored to those utilities. This most often involves an
age criterion for transformer retirements or a loss criterion whereby losses are determined
from records or loss measurements. If all utilities adopted cost-effective, accelerated
retirement policies based on the national perspective, about 13 percent of the transformers
currently being refurbished would be replaced by new units. The additional demand for
distribution transformers would be only about 4 percent of the new units now being
purchased. Transformer manufacturers could easily meet this small additional demand.

If all utilities adopted cost-effective, accelerated retirement policies based on the
national perspective, 0.55 billion kWh of cumulative energy would be saved over the first
five years, and the annual savings would average 0.14 billion kWh over the first 25 years.
This amount of energy is equivalent to the residential electricity requirements of a small city
of 40,000. The cumulative reduction of carbon emissions by the year 2000 would be
- 0.094 MMT. If very-low-loss replacement transformers are used instead of the average losses

39




for new transformers, the average annual energy savings could increase to approximately
0.38 billion kWh.

6.3 CONCLUSIONS

Judging from the survey data obtained from utilities and the analyses contained in this
report, on average electric utilities are making reasonable decisions regarding the replacement
or refurbishment of distribution transformers that are removed from service. The comparison
of the replacement practices by utilities in the survey and other national analyses contained in
this report indicates a difference of only 13 percent in the number of refurbished transformers
that could be economically replaced.

6.4 RECOMMENDATIONS

This survey of utilities provided information only for a selected group of utilities. The
information and the analyses contained in this report reveal that the utilities surveyed are on
average making reasonable assessments regarding replacement or refurbishment of distribution
transformers. This does not mean that all utilities are making optimum economic assessments
based on factors that are relevant to their operations. As discussed in Appendix E, there is
considerable variation among utilities in key factors for these decisions. Therefore, individual
utilities should perform similar economic analyses using factors that are relevant to their
operations. To ensure that all utilities are aware of the economics of these assessments, it is
recommended that DOE provide this report to the Edison Electric Institute, the American
Public Power Association, and the National Rural Electric Cooperative Association and work
with those associations in informing their member utilities of the economics of refurbishment
versus replacement of distribution transformers when they are removed from service. It is also
recommended that this report be provided to the Environmental Protection Agency to assist in
the implementation of its Energy Star Transformer Program, which is part of the President’s
Climate Change Action Plan. Under this program, participating utilities will agree to purchase
high-efficiency distribution transformers where economically warranted and will institute the
early replacement of distribution transformers where economically warranted.
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APPENDIX A

Distribution Transformer Surveys

In cooperation with Oak Ridge National Laboratory (ORNL), the Edison Electric
Institute (EEI) and the American Public Power Association (APPA) sent out surveys to their
member utilities requesting information about distribution transformers. The EEI association is
composed of investor-owned electric utilities and includes most of the large utilities. The
APPA consists of publicly owned municipal utilities. While these public utilities vary in size
from very small to very large, their average size is much less than that of the investor-owned
utilities. The National Rural Electric Cooperative Association was contacted but declined to
survey its members for the purposes of this study.

The forms that follow were sent by EEI and APPA, respectively, to their member
utilities. The forms are similar but have slight differences reflecting the preference for
anonymity by some of the investor-owned utilities.

A preliminary survey form requesting information on transformers and utility
maintenance practices was sent by ORNL to eight utilities.

The survey results presented are from the investor-owned electric utility survey only.
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PRELIMINARY DISTRIBUTION TRANSFORMER
SURVEY FOR ELECTRIC UTILITIES

1. Number of units removed from service, refurbished, and returned to service, and the
total in-service distribution transformers (pole-top and pad-mount). Please fill in the
table below:

Year 1993 1992 1991 1990

Total no. of in-service
units

Number removed from service

Number of distribution transformers
refurbished and returned to service

Number disposed of (retired) for scrap

No. of new distribution transformers
purchased

Total number of customers

2. What tests do you perform to determine if a transformer can be returned to service?
a) Insulation power factor test? (yes, no)
b) Oil tests? What type?
¢) Ratio tests?
d) Other tests such as visual inspection, energizing? Specify:

3. Retirement criteria .
a) Do you retire (scrap) old transformers that are in working order due to age?
b) If so, how old?

4. Maintenance cost
a) What is your averaged refurbishment cost?

b) What is your averaged take-down and put back up cost?

5. Reasons for early retirement: system voltage change, PCB, etc.
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RESULTS OF DISTRIBUTION SURVEY OF INVESTOR OWNED UTILITIES

TOTAL SYSTEMS' MVA 520,010

Total Reporting Utilities 63 Ave. Cost Ave. Cost
% RETIREMENTS of In-Service 1.7% Transformer per Trx. to Remove
% REFURBISHMENTS of In-Service 1.0% Size (KVA) and Type to Refurbish & Reinstall
Age beyond which do not refurbish 25 SINGLE PHASE
(for utilities reporting a criterion) .| POLE
UNWEIGHTED 0TO9 $108 $342
A Factor $3.41 10 $130 $339
B Factor $1.14 15 $137 $370
WEIGHTED (by respondent capacity) 25 $168 $365
A Factor $3.05 37.5 $168 $422
B Factor _ $0.87 50 $220 $409

Above 50 $334 $546

Distribtuion Transformer Loading Pad

25 KVA 0 to 100 $309 $533
Initial Peak 0.87 Above 100 $314 $623
Final Peak 1.57

37.5 kVA THREE-PHASE
Initial Peak 0.88 0 to 300 $755 $926
Final Peak 1.57 Above 300 $1,346 $1,410

RECENT PURCHASES OF NEW DISTRIBUTION TRANSFORMERS

Average Cost

Including

Transport & Average Average
Sales Tax No Load Loss Load Loss
Size (KVA) RESPONSES  (Dollars) (Watts) {Watts)

SINGLE PHASE POLE
10 38 $396 31 151
15 33 $450 40 212
25 54 $543 58 312
37.5 17 $671 81 412
50 52 $777 99 520

SINGLE PHASE PAD
50 51 $1,129 98 536
75 36 -$1,406 133 718
167 39 $2,264 256 1,350

THREE PHASE

225 28 $4,892 396 1,998
500 50 $7,197 721 4,021
1000 45 $11,503 1,230 7,246
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APPENDIX B

In-Service Transformer Model

This appendix describes a methodology and presents estimates of energy savings that
can result from the replacement of distribution transformers removed from service with new,
low-loss transformers. Energy savings result because replacement units are more efficient than
refurbished older units. The primary purpose of the in-service transformer model is to
forecast estimated long-term energy losses from distribution transformer usage. The model
also calculates estimates of new purchases and retirements both historically and in the future.
The purchase and retirements estimates produced by the model are used only to develop an
age distribution of transformers used in estimating total energy losses. They are not to be used
as a substitute for annual estimates or data obtained by survey of new purchases and
retirements.

Section B.1 describes the approach used in determining the potential energy savings. In
this section, we describe an in-service transformer model that estimates the stock of
distribution transformers over time as well its energy losses. Section B.2 presents the data and
assumptions used in the application of the energy loss model described in B.1. Section B.3
presents a parametric analysis that gives the results of applying the in-service transformer
model to various technology scenarios. Section B.4 presents a cost-benefit analysis of
replacing the U.S. inventory of distribution transformers with low-loss units.

B.1 Methodology

A capital stock approach is used to model the in-service inventory of distribution
transformers in the United States. The model is constructed so that the stock and energy
consumption of the transformers can be calculated by vintage of transformer, annually and
cumulatively over all years examined. The approach described here assumes an estimated or
known initial stock of distribution transformers in service in the United States.

The general methodology for the development of a computer code to model the
inventory and energy losses of distribution transformers requires an assumption of an initial
stock of transformers and estimated energy losses per unit. Also, in an ideal model, data on
annual additions to and retirements from the stock of transformers would be available. If
annual retirements are not available, the use of a decay or retirement function is necessary.
Energy loss values, unique to each year of transformer production, are multiplied by each
vintage and summed over all years to estimate total energy losses.

The model assumes that data on annual additions to the transformer inventory are not
available but that estimates of the total inventory of transformers are available on an annual
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basis. The estimation of additions to the stock is then determined by using the annual
inventory and retirement levels. Since we do not have reliable data for transformer purchases
or additions for the historical period of the model, this methodology is the approach we used
to conduct our energy loss analysis.

The additions to the in-service transformer model have to be estimated by utilizing
annual stock values and the vintage decay function.” The additions to stock for year 1 are
estimated by subtracting from the initial stock for year 1 an estimate of the stock value in year
t — 1. This is represented in Eq. (B.7). The calculation of additions for years 2 through 7 is
shown in Eq. (B.8). Additions for these years are calculated by subtracting from the stock in
year T the decayed initial stock and the sum of previous additions multiplied by their decay
function. (The decay, or scrappage, relationship is described in Section B.3.)

Al=S1-Sle =811 - e (B.1)
T
AT = ST - gl T E A x dT -9 , B.2)
t=1
where
Al = estimated addition for year 1,
St =  estimated stock for year 1,
rl = retirement or scrappage rate for the original stock,
AT = estimated addition for year T,
A = stock of transformers existing in service at year T,
A = annual addition of distribution transformers to the stock of existing
transformers for year ¢,

d(T—f) = a decay function representing the reduction of transformers from use at

year .

The decay function varies in value from 1.0 to O and is the percentage of transformers
remaining in stock at year ¢. It is assumed that the decay relationship will have characteristics
similar to a logistic or Weibull function with a half-life of approximately 20 years (the
Weibull decay function is discussed in Appendix D). The component e~

from 1.0 to near zero, where r is scrappage rate for the initial stock.

, varies in value

Refurbishments. The amount of the transformer inventory that is refurbished each year
is based on survey information. This information, discussed in Section 5, indicates the

"It is important to note that the transformer stock and additions discussed here are given in terms of
capacity (megavolt-amperage). The calculation for the number of transformers is shown in the next section.
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percentage of stock that was refurbished during various time periods. Equation (B.3) gives the
relationship for refurbishments: '

RT =S'e™ [N, + AT gvy , (B.3)
where
R" = amount of transformer refurbishments in year T in MVA,
N, = number of years of transformer service before refurbishment,
N, = average number of years before refurbishment for annual components of

the initial stock.

Calculation of numbers of transformers. The number of transformers in the 